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ABSTRACT 

Amon^ the additives used for stabilization of expansive 
soils, lime and cement are the most popular ones, ^tfhile enough 
literature is available on soil-lime stabilization, information 
on the cement stabilization is very scanty. In addition, details 
on the nature of reaction products developed during stabilization 
and mechanism of their growth are not reported in detail. Rice- 
husk ash, a potential source of silica, can be used as an additive 
in conjunction with cement. No published information is available 
on the development of strength and growth of cementitious products 
in a soil-cement- rice-husk ash system. 

In the present study, stabilization of two expansive 
soils with cement, rice-husk ash and cemos as additives has been 
studied in terms of strength development and mineraloglcal changes 
occurring during different periods of ageing. Hydrated silicates 
and aluminates of calcium are the products of cement hydration in 
addition to calcium hydroxide resulting in an increase in the pH 
of the system. The latter participates in the reaction along 
with the other starting materials in the system as confirmed from 
X-ray diffraction data. While in the dry state, the Banda and 
Jhansi soils have exhibited unconfined strength values around 
0*600 Kg/cm^ and 0.725 Kg/cm^ respectively, stabilization with 
cement alone has enhanced the respective values of strength to 
15 Kg/cm^ and 9 Kg/cm^ on 28 days of ageing. Addition of rice- 
husk ash to a soil-cement system results in the formation of the 
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cementitious products in increasing amounts* Tobermorite developed 
after 28 days in case of soil-cement system, has been evidenced 
even after 7 days in samples of soil-cement- rice-husk ash system. 
Xonotlite and p-dicalcium silicates are also two new products 
formed due to the addition of rice-husk ash with soil and cement. 
Improvement of strength upto 19 Kg/cm and 11 Kg/ cm for Banda and 
Jhansi soils on ageing could be achieved during their stabilization 
with cement and rice-huslc ash. It has been observed that the soil- 
cement- rice— husk ash reactions can be accelerated by adding cemos 
(a stabilizer) as has been evidenced in X-ray diffraction traces and 
electron micrographs from the improved formation of the products and 
also reflected in the improvement of unconfined strength of the 
systems upto about 23 Kg/cm and 14 Kg/cm respectively. In addi- 
tion to the products formed as in the case of soil-cement- rice-husk 
ssh, gyrolite is a new product developed in presence of cemos in 
the system. 

Scanning electron microscopy has enabled an understanding 
of the fabric and material development in the soil-additive reac- 
tions. Fabric changes are distinct at different times of ageing. 
While flocculation ensues immedirotely in ‘the system, the fabric 
modifies to a honeycomb type on continued reaction with lime. In 
addition, morphological characteristics for the individual products 
and their pattern of growth has also been clearly observed in the 
scanning micrographs. Ettringite, a product of soil and cement in 
short-term reactions, exhibits a typical needle shape particles 
while tobermorite has distinct tubular morphology. The calcium 
aluminate hydrate phases exhibit characteristic hexagonal outlines. 




Monocalcium aluminate hydrate 

Di calcium aluminate hydrate 

Tricalcium aluminate hydrate 

Te tracalciurn aluminate hydrate 

Dicalcium acuminate silicate hydrate 

Tetracaldium carbonate hydrate 

Calcium silicate hydrate (C-S-H X and C-S-H II) 

Dicalcium silicate hydrate 

Gyroli te 

Tobermo ri te 

Xono tlite 

Illiie 

Montmo rilloni te 
Kaolinite 
Calci te 
Quartz 
PeJ dspar 



CHAPTER 1 


INTRODUCTION ,AND SCOPE OF STUDY 

( 

Soil-cement stabilization has been in practice for 
more than half a century. It is found that thi s method 
finds vital use in the construction of pavements and air- 
fields in nearly 40 countries. In Indi a, such stabilization 
has been practiced in several places like in Gorakhpur (U.P«) 
as a base course in road construction or at ICusmi airport 
near Gorakhpur for stabilizing a sandy ]oam type of soil. 

In South India also, soil-cement has been widely accepted as 
a base course materials. The foundation of Chidambaram- 
Bhuwanagiri toad and construction of Uamanathapuram-Mandapam 
road are some of the examples. Soil-cement stabilization 
has extensive scope in the border road construction in the 
Himalayan terrain. 

The properties and structure of soil change with 
the addition of pozzolana cement. It is commonly known tnat 
soils with similar physical properties but of varying 
chemical composition vary widely in their strength charac- 
teristics on stabilization with time. Thus an interaction 
of the cement with the soil constituents plays an important 
role in the strength behaviour of soils- This is true 
practically for all types of soils ranging from extremely 
granular to dominantly cohesive ones. 
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It is not easy to detemune the nature of the soil- 
cement interactions. Specialized equipnent is required 
besides the conventional items available for routine testing 
of soils in a regular Soil Mechanics Laboratory. An inter- 
disciplinary approach is also essential for the detailed 
investigations. The changes in sbabilizod soil samples over 
the ageing periods can besb bo tracked using techniques like 
the X-ray diffraction and eJectron microscopy. ^ better 
understanding of the soil-cement interactions would bring 
in proper and effective procedures for the strength improve- 
ment of soils. 

As the strength development in soil-cement stabi li- 
zation is influenced by cement-soil-clay interactions resul- 
ting in the formation of various cementitious products, 
enough scope exists for the use of cement in conjunction 
with other additives that serve as a source of silica. In 
rice-producing countries like India, Bangladesh, Sri Lanka, 
Burma or Thailand, rice-husk (an agricultural waste material) 
is available in enormous quantities. This material is used 
commonly as a fuel in the rice mill boilers and the ash 
that is produced on its burning is available source of 
silica* Rice-husk ash contains semi-amorphous silica upto 
around 85 to 90 percent which is highly chenically reactive. 
Thus if Used in conjunction with cement, this material 
aids in the generation of silica- rich cementitious compounds. 

Although enough work on strength characteristics 
has been reported on soil-cement stabilization, very little 
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is known about the soil-cement interactions and the mode of 
formation of compounds responsible in the strength develop- 
ment as is evident from the review of literature presented 
in the next chapter* In addition, no work exists on the 
Use of rice-husk ash in soil-cemant stabilization. In the 
present work an attempt has been made tn understand (a) the 
mineralogical changes during soil-cement stabilization of 
typical expansive soils containing rnontmoril] onite and 
illite, (b) the type of cementitious products and their 
morphology, (c) an understanding of the strength behaviour 
in soil-cement stabilized soils in terms of tho soil- 
additives interactions, (d) the role of rice-husk ash in 
soil-cement stabilization for the improvement of the 
strength behaviour and (e) effect of cemos on soil-cement— 
rice-husk ash system in the fields of strength and forma- 
tion of cementitious products. 
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CHAPTER 2 
LITERATURE REVIEW 


2.1 GENERAL 

Treatment of expansive soils with chemical addi- 
tives for the improvement of their engineering properties 
suitable for cons tT'uction purposes has been in practice for 
several years. Of the different materials avaiJable for 
use as additives, cement has been very popular and widely 
adopted. Enough literature exists on soil-cement stabili- 
zation covering various aspects. In 1935, an extensive 
programme of research was initiated on soil-cement by tlie 
Portland Cement Association in the U.S.Ao and the first 
experimental road was also laid near Johnsonvilla in the 
same year. During VVorld War II, cement stabilization has 
been extensively practiced for construction and between 
1941 and 194^, around 18 million square metres of airfield 
pavement were constructed with soil— cement as a subgrade. 
Since the start of the first soil-cement paving in 1935, 
the main objective has been to produce a dependable and 
long-life material. Efforts have been focused on several 
aspects such as selection of the cement content, moisture 
level and density on one hand and strength development on 
the other. Role of various chemicals in the development 
of strength has also been investigated in the last three 
decades. Procedures have also been evolved for an effective 
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f 

way of mixing and compacting of soil-cement mixture during 
construction at the site* The literature reviewed here 
pertains to- the strength characteristics and the nature of 
soil-cement interactions. 

2*2 STUDIES ON THE STRE'^GTH CHARACTE RUSTICS 

Addition of pozzolana cement to the soil changes 
the properties and structure of the soil. The unconfined 
compressive strength of the soil-cement increases with time 
of curing as in the case of concrete* Circeo, Davidson and 
David (l962) have established logarithmic and semi-logari- 
thmic relations for the increase of compressive strength 
with the time of curing on the basis of statistical anal- 
ysis of considerable data on granular, silty and clayey 
soil-cement samples* The relationship obtained by them 
has been used to predict the compressive strength of soil- 
cement for any particular mix cured for a specific period 
of time. According to these authors, the slope of the 
strength-age plots can be used as an indicator of the 
quality of a soil-cement mixture. 

Several methods for determination of the cement 

1 

content of soil-cement mixture have been reported by 
Curtis and Forbes (1963). These methods enable a rapid 
and accurate determination of cement content for use in 
construction te'chniques and design considerations. The 
time required for a complete determination varies from 
1 to hours. Rude (l96b) proposed a rapid method for 
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the determination of cemenb content of cement-treated base 
materials. Cement content is determined from a standard 
curve on the basis of calcium content present after subtrac- 
ting the calcium in the aggregate. Davidson and coworkers 
(1962) have established that the optimum moisture content 
for maximum density and optimum moisture content for maximum 
unconfined compressive strength of cement-treated sand-clay 
mixtures are not necessarily the same. The moisture con- 
tents for maximum strength have been indicated to be on tho 
dry side for sand-clay mixtures with sand as the dominant 
constituent while they are on the wet side for mixtures 
dominant in clay. Davidson and coworkers postulated that 
the variations between optimum moisture content for maximum 
density and that for the maximum strength are related to 
the particle size in the soil. According to these authors, 
soils having particles with larger surface area absorbed 
much of the added water so that insufficient water is avail- 
able for the hydration of cement. Lightsey (5 1 al. (197C) 
have concluded on the basis of a detailed study that 2 to 
4 percent of excess compaction moisture signif cantly 
improves the strength and durability depending on the 
type of soil and the delay time between mixing and comp- 
action . 

The elastic behaviour of soil-cement mixes has 
been studied by Reinhold (l955). The stress-strain curve 
in the case of a soil-cement mix has been ■ observed to be 
concave with respective to the strain axis. The plastic 
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deformation in the first one-third of the failure load was 
reported to be extremely small and the material was consi- 
dered as perfectly elastic within this range. VJith the 
stress increasing bo 0.6 of the f allure load, the stress- 
strain plot is reported to exhibit an increase in the curva- 
ture. It has a] so been observed that the clay content in 
the soil also increases the elasticity of the soil-cement 
mixes and that optimum quantity of clay to produce the 
maximum elasticity is about 25 percent. The various engin- 
eering properties of soil-cement as a construction material 
for road and ai rf ield pavements have been summarized by 
Bhatia (1967). The typical terms of equipment used in 
different types of mixing have also been detailed by him. 

2.3 EFFECT OF CHEMICAL ADDITIVES ON THE STRENGTH 
CHARACTERISTICS 

Extensive work has been carried out by several 
workers on improving the properties of soll-cement with the 
use of chemical additives. The investigations centered on 
two primary objectives; 

(1) to increase the effectiveness of portland cement as 
a soil stabilizer so as to reduce the quantity of 
cement required to treat expansive soils and 

(2) to identify the exact trace chemicals that will 
enhance the effectiveness of cement as a stabilizer 
for soils that cannot be stabilized economically 
with cement alone. 
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Lambe and cownrkers ( 1957, 1959 ) have established that 
sodium hydroxide is effective in improving the strength of 
all soils having low to moderate amounts of organic matter. 
The effectiveness of a sodium compound decreases with incre- 
asing plasticity and organic matter in the soils* UppaJ 
and Kapur ( 1 958 ) have reported that addition of sodium 
chloride has not resulted in any improvement of the enginee- 
ring properties of sandy and clayey soils- J'loh and Michaels 
(1962) have observed that the cement stabilized clays are 
susceptible to sulphate attack after long periods of contact 
with sulphate solutions- They have also reported that the 
effectiveness of sodium hydroxide in clay— cement can be 
materially improved by treating heavy clays with secondary 
additives. The resistance of soil— cement exposed to 
sulphate has also been studied by Cordon (1962). According 
to him, the deterioration in soil— cement subjected to attack 
by sulphate salts is more rapid in the soil-cement mixtures 
than in the concrete primarily because the soil-cement is 
less dense and the sulpha be solution penetrates at a rapid 
rate. However, it was also established that a small amount 
of sulphate salts mixed with soil-cement increases the 
compressive strength and the resistance of the material 
to the action of freezing and thawing* Coleman et al. 

(1962) have examined the use of fly ash and sodium carbo- 
nate as additives to soil-cement combinations* It has 
been reported that the addition of fly ash tends to 
retard the setting time of soil-cement mixtures, thus 
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allowing more time for mixing and accelerates the hardening 
of soil-cement-fly~ash mixtures. Laguros and Davidson (1963) 
have reported that the type and exact quantity of a chemical 
that is most beneficial for the soil-cement stabilization 
are unique for each soil and depend on the texture of the 
texture of the soil, the type of clay minerals and particu- 
larly on the acidity of the soil. The effects of addition 
of lime, sodium hydroxide and sodium carbonate in soil- 
cement stabilization have been investigated by those authors 
and the changes in the unconfined compressive strength in 
the soil-cement samples have also been presented. It has 
been reported in the literature ( Cation and Felt, 1943j 
Glare and Sherwood, 1954 and Sherwood, 1962) that addition 
of 0.2 to 0.5 percent of calcium chloride helps in the 
stabilization of organic soils with cement* A drastic 
increase in strength was reported in silty loam type of soils 
with addition of 2.5 percent calcium chloride and upto 10 
percent cement (Uppal and Kapur, 1958). The soils that 
generally give best results with calcium chloride belong to 
the horizon in a soil profile (Bhati-., ')967)« 

The durability of ceraont-stabilized soil under 
alternating freezing and thawing conditions has also been 
investigated. George and Davidson (l963) have designed a 
freeze-thaw test to simulate winter field conditions. The 
design criteria of the various strength ranges for cold 
climates have also been detailed. Packard and Chapman 
(1963) have reported several methods for measuring 



deterioration of soil-cement in freeze-thaw and wet— dry 
tests. A comparative evaluation of this method has also 
been presented. 

2.4 SOIL-CEMENT INTERACTIONS 

Herzog and Mitchell (1963) have studied the nature 
of reactions of clay with portland cement. Their investiga- 
tions included stabilization of kaolinite and monomorillonite 
V'lith cement as also with tricalcium silicate. According to 
them, clay-cement cannot be regarded as a simple mixture of 
hydrated cement particles holding together unaltered clay 
particles, but should be considered as a system in which 
both the clay and the hydrating cement combine through secon- 
dary reactions. However their study was only with pure clay 
minerals and not soils. Moh (l96b) studied the reactions of 
soil minerals with cement and indicated the mechanism of 
stabilization. The reaction scheme of a soil stabilizer 
system has been outlined by him. The influence of soil 
imineralogy on soil-cs'nent stabilization and the structures 
of stabilized soils have been studied by Croft ( 1967a, 1967b). 

The structural arrangement of the reaction products 
and the soil constituents have been observed to contribute 
to the rigidity of the stabilized soils. According to Oroft, 
soils that are well stabilized with cementitious agents 
can be regarded as brittle materials with elastic behaviour. 
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2.5 RICE-MUSK ASH AS AN ADDITIVE IN SOIL STABILIZATION 

Studies with rice-husk ash as a material for soil stab- 
ilizabion have been very limited^ Such studies have been 
initiated at Bangkok by Lazaro and Moh (l970) v;ho found bhat 
addition of lime and rice-husk ash to clayey soils of Bangkok 
reduced the plasticity and swelling characteristics and 
improved the strength properties. The strength gain in the 
early ageing period has been attributed by these authors to 
the soil-lime reactions while further gain in strength with 
longer ageing was attributed to the lime- rice-husk ash reac- 
tion also. Ramaiah ot al. (1972) reported the engineering 
properties of expansive soils with addition of rice-husk ash. 
Jose James and Subba Rao (1986^)^ in a paper on the reacti- 
vity of rice-husk ash with clayey soils, correlated the 
reactivity with the calcium ion concentration. According to 
them, the reaction does not take place when the concentration 
of calcium ions in solution is below 2 mmoles even vJith 
excess silica being present. They also concluded that the 
time required for 90^ of the reaction to be cornploted depends 
on the initial CaOsSiO^ ratio. 

Very little information is available on the X-ray 
diffraction and electron microscopic data of stabilization 
process. Gokhale and Swaminathan (l983) gave the details 
of changes occurring in the fabric in mineralogy during 
stabilization in expansive soils with lime and limo-rice- 
husk ash. They used the various techniques including X-ray 
diffraction, differential thermal analysis and electron 



12 


rnicroscopy* James and Subba Rao ( 1986b) gave the reaction 
products of lime and silica from rice-husk ash* According 
to them, rice-husk ash (containing about —95^^ silica) with 
known physical and chemical characteristics reacting with 
lime and water gives calcium silicate hydrate and C-S-H I. 
They repeated their experiments with lime-excess and lime- 
deficient mixtures* These authors concluded that the pro- 
duct C-S— H I accounts for the strength of lime -rice-husk ash 
content. 


ft 
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CHAPTER 3 

MATERIALS AND METHODS 


3.1 GENERAL 

In this chapter, the materials chosen for the study 
and methods adooted in samole testing have been described* 
jMate rials used in the work namely the two t/pes of soils, 
cement, rice-husk ash and cemos have been characterized in 
regard to their physical and mineralogical properties. The 
procedures adopted for sample preparation and also the tech- 
niques involved in the characterization of starting materials 
as well as the samples at various times of ageing during 
stabilization are outlined in detail, 

3.2 MATERIALS USED 
3.2.1 Soil 

Bjack cotton soil samples from Jhansi and Banda have 
been chosen for study. The soil from Jhansi is grey in colour 
and is moderately plastic containing 50 percent of clay frac- 
tion (Figure 3.1), The physical and engineering properties 
of the soils are presented in Table 3.1. X-ray diffraction 
pattern (Figure 3.2) of soil sample has shovm the presence 
of quartz along with montmorillonite , illite, feldspar, 
kaolinite and calcite. The ’d' spacing values for all 
these soil constituents are listed in Table 3*2* 
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TABLE 3.1 : SOIL PROPERTIES 


Properties Soil 

from Banda 

Soil from Jhansi 

Liquid limi t, percent 

40 

48 

Plastic limit, percent 

18 

24 

Plasticity index 

22 

24 

Shrinkage limit, percent 

B,50 

• 

o 

o 

Specific gravity, gm/cc 

2.55 

2,65 

pH 

7.7 

9.1 

Dry density, gm/cc 

1 .95 

1.85 

Optimum moisture content, 
percent 

21 

25 

Unconfined compressive 
strength (with optimum 
moisture content), Kg/cm^ 

0,600 

0.725 

Clay (<0»00^mm), percent 

20 

50 

Silt (0,06-0.002 mm), 
percent 

45 

40 

Sand (2.0-0.06 mm), percent 

35 

10 



TABLE 3.2 S X-RAY DIFFRACTION DATA FOR BLACK COTTON SOIL 
FROM JHANSI (U.P. ) 

(RADIATION t Cul<a) 


(degrees) 

d (A) 

Const! tuents 

8,90 

9.92 

Illite 

12.60 

7.01 

Kao Unite 

19.80 

4.48 

Mon tmort 1 loni te 

20.90 

4.24 

Quartz 

22.30 

3,98 

Feldspar 

22.90 

3.08 

Illi be 

24.20 

3.67 

Mon tmoril loni te 

25.40 

3.50 

Mon tmo ri 1 1 o ni te 

25.80 

3.44 

Kao Unite 

26.60 

3.35 

Quartz 

27.70 

3,21 

Mo n tmo ri 1 1 o n i te 

34.70 

2,58 

Illite 

35 , 20 

2.54 

Illite 

35. 20’ 

2.54 

Mon tmo rillonite 

36.70 

2.44 

Quartz 

37.90 

2.37 

Kaolinite 

39.60 

2.27 

Quartz 

40,40 

2,23 

Quartz 

42.50 

2.12 

Quartz 

43.20 

2.09 

Galcite 

45,70 

1.98 

Quartz 

50.20 

1.82 

Quartz 



TABLE 3,3 : X-R^Y DIFFRACTION 
FROM BANDA (U,?. ) 

(RADIATION : 


(degrees ) 

d (A) 

8.90 

9.93 

17.70 

5.00 

19.50 

4.55 

19.80 

4,48 

20.80 

4.26 

21.90 

4.05 

22.90 

3.88 

23.50 

3.78 

23.95 

3.72 

25.40 

3.50 

26.60 

3.35 

28.00 

3-18 

34.60 

2.59 

35.00 

2.56 

36.50 

2.46 

33.10 

2,37 

39.40 

2.29 

40.20 

2.24 

42.40 

2.13 

45 . 40 

1.99 

45.60 

1.98 

50.20 

1 .82 


DATA FOR BLACK COTTON SOIL 

CuKcc) 

Cons cituents 

Illite 
lili te 

^lon tmori 1 lo ni te 

Mont-aoril Ionite 

Quartz 

Feldspar 

Illite 

Feldspar 

I'Aontmorilloni te 

Mo n trn o ri 3, 1 o ni te 

Quartz 

Feldspar 

Illite 

MontmorilJ onite 
Quar tz 

Mon tmo rill onite 

Mon tmori lion i te 

Quartz 

Quartz 

Illite 

Quartz 

Quartz 



FIG. 3.3- X-RAY DIFFRACTION PATTERNS OF ADDITIVES 
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TABLE 3,4 J X-RAY 

DIFFRACTION DATA FOR 

P02Z0LANA CEMENT USED 


(radiation { CuKo:) 


2Q (degrees) 

d (A) 

Constituents 

11 .70 

7.56 

Gypsum 

20.80 

4.27 

Quartz 

20.80 

4.27 

Gypsum 

26.60 

3.35 

Quartz 

29.10 

3.06 

Gypsum 

29.40 

3.04 

Tri calcium silicate 

31.20 

2.86 

Dicalcium silicate 

31,20 

2.86 

Gyp sum 

32.20 

2.77 

Tricalcium silicate 
and Dicalcium 
silicate 

32.60 

2.74 

Dicalcium silicate 

33.10 

2.70 

Tricalcium silicate 

33.80 

2.65 

Tetracalcium 

aluminoferrite 

34,40 

2.60 

Tricalcium silicate 

36.70 

2.45 

Quartz 

39.00 

2.30 

Trlcalcium silicate 

39.40 

2,28 

P-dicalcium silicate 

41.30 

2.10 

Tricalcium silicate 

43.30 

2.08 

Dicalcium ferrite 

45.80 

1*98 

Quartz 

47.40 

1*92 

Y -dicalcium silicate 

50.20 

1 .02 

Quartz 
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The soil from Banda is also grey in colour and 
moderately plastic. It contains about 20 percent of clay 
fraction. The grain size characteristics of the soil are 
indicated in Figure 3.1. X-ray diffraction pattern for the 
soil has revealed the presence of quartz, montmorillonite , 
feldspar, illi te as the constituents . The characteri stic 
reflections for these minerals are shown in Table 3.3. 
Montmorillonite is the dorainant clay mineral in both these 
soils. Its proportion in bhe Jhansi soil is relatively more 
than in the Banda soil. Presence of calcium carbonate is 
seen in the soil from Jhansi as evident from, the character- 
istic X-ray diffraction patterns. 

3.2.2 Cement 

The cement used in the analysis was portland-pozzo- 

lana cement. The X-ray diffraction pattern (Figure 3.3) for 

this material has indicated the presence of tricalcium 

silicate, dicalcium silicate, trlcalcium alumina te and tetra 

calcium aluminoferrite as the main constituents with small 

amount of quartz. The characteristic peaks for each of 

these compounds 1s indicated in Table 3.4. Presence of 

gypsum in minor proportion is also evidenced from the 

presence of reflections around (20) values of 20.8° 

0 0 

and 29.1° corresponding to the ’d' values of 7.56 A, 4.27 A 
0 

and 3.06 A. 
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3.2.3 Rice-Husk Ash 

Rice-husk ash used in the present study was prepared 
from the husk obtained from a rice mill in Kanpur. The 
material is greyish black in colour with a specific gravity 
of 2.01. Grain size distribution curve for the same is indi- 
cated in Figure 3.1 . X-ray diffraction analysis of rice-husk 

ash sample has revealed the presence of quartz (evidenced 

0 0 

from the characteristic peaks around 4.22 A and 3.33 A. 

3.2.4 Gemos 

Cemos 110, used as a stabilizer, has been obtained 
in liquid form. The X-ray diffraction pattern has indi- 
cated absence of peaks signifying its amorphous nature. It 
is reported to have been commonly used in hydrophobic concrete 
besides its use as stabilizer. The pH value for this material 
is 9*0. 

3.3 METHODS 

3.3.1 Sample Preparation 

For each of the two soils, compacted samples with the 
following combinations were prepared: 

Soil with 5/^ cement 

Soil with 'o% cement and 15?^ rice-husk ash 

Soil with cement, 15^ rice— husk ash and 2% cemos. 

In addition to the above, compacted samples of bhe 
two soils were also prepared for obtaining the initial 
strength values. The samples were compacted to the maximum 
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dry density with optimum moisture content. Several specimens 

/ 

were prepared in each case (soil^ soil-cement, soil-cement- 
rice-husk ash and soil-cement-rice-husk ash-cemos) with diff- 
ering moisture content and with Proctor^s compaction device, 
the optimum moisture content was determined for each of 
these combinations. 

For strength test, the specimens of diameter 
and 3*’ height were prepared using the Dietert’s compaction 
device. The soil, initially pulverized to pass through I.S, 
sieve 170 and oven— dried was mixed well with appropriate 
proportion of the additive materials to obtain a uniform dry 
mixture. The mix in each sample was properly mixed and 
kneaded with water equivalent to optimum moisture content. 
Then the mix was placed in a cylindrical mould of Dietert’s 
compaction device and compacted with 10 blows on either side 
of the mould using a hammer of 18 lbs. having a free fall of 
2'^ height. The double plunger action resulted in achieving 
a comparatively uniform density over the entire specimen. 

The specimen was then extruded with the help of hydraulic 
jack. The density in each case was confirmed by measuring 
the specimen dimensions and its weight. Immediately on 
preparation, the specimens after being given proper identi- 
fication marks, are wrapped in polythene bags and sealed 
with tape to prevent carbonation of cement as also any 
possible evaporabion of the moisture during ageing to 
different periods of time. Twelve specimens in each case 
have been prepared for testing 3 of them after each ageing 



24 


period (24 hours, 7 days, 14 days, 28 days)= In all, 78 
samples have been prepared and tested# 

3# 3*2 Testing for Compressive Strength 

For the unconfined compressive strength determination, 
a compressive testing unit fitted a 234 Kg. proving ring 
complete with a dial gauge and a deformation dial gauge (of 
10 mm travel and 0.01 accuracy) was used with the rate of 
loading maintained at 0.127 mm/min. The proving ring reading 
was taken at intervals of 1 0 mm of the dial gauge reading. 

The load was estimated from the proving ring readings by 
multiplying the same with the proving ring constant in each 
case . 


3.3.3 Determination of pH Values 

The values of pH were measured separately for both 
the soils, cement, rice-husk ash, cemos and other combinations 
by precision pH meter of Phillips make (model PR 9405/90) 
with a glass electrode. Estimates were made on fresh samples. 
Samples have been prepared talcing 20 gms of the mix in each 
case dispersed thoroughly in 100 ml of distilled water. The 
sugpgj-jgion was shaken every 1 0 minute s f o r about a minute 
and at the end of an hour, the pH values have been recorded 
in each case. 

3.3.4 X-ray Diffraction Studies 

X-ray diffraction analyses have been carried out on. 
ISO-DEBYEFLEX 2002D diffractometer of RICH SEIFERT make using 
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nickel filtered copper-K alpha radiation. Scanning was 
carried out between 7^ and 50*^ (20) with a scanning rate of 
30 (20)/min. 

3.3.5 Electron Microscopic Investigations 

In the present study, scanning electron microscopy 
was used. Samples prepared were examined in a XoS,I.~60 
scanning electron microscope at 30 K.V. in secondary electron 
mode using suitable tilts. The photographs were obtained on 
ILFORD 35 mm film. 

Soil-additive samples at different ageing periods 
were examined. A small amount of the sample in each case was 
dispersed in acetone. After the heavy particles settle, a 
few drops of liquid from the upper portion of the suspension 
is taken on an aluminium stub and allowed to dry. Carbon 
deposition has been carried out on the particles placed on 
the stub to improve the conductivity and signal to noise 
ratio* These samples are then examined under the scanning 
electron microscope. 
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CHAPTER 4 

STREbJGTH BEHAVIOUR IN SOIL ADDITIVE SYSTEMS 

4.1 GENERAL 

In the present work, pozzolana cGinent, rice-husk 
ash and cemos have been chosen as additives for stabilizing 
the expansive soils from Banda and Jhansi areas. Determin- 
ation of 'inconfined coinpi'essive strength has been earned 
out on compacted cylindrical soil specimens wrth cement on 
one hand and cement and rice— husk ash on the other. Tests 
were also carried out with cemos in the soil- cement- rice- 
husk ash systems. The procedure for sample preparation and 
testing have already been detailed in the previous chapter. 
With different proportions of these additives^ strength 
determinations have been carried out for specimens using 
Banda and Jhansi soils aged to 7, 14 and 28 days. The 
trends of strength variations have been analyzed. These 
variations are in conformity with mineralogical changes 
observed in the X-ray diffraction patterns oi the respec- 
tive soil additive mixes. 

4.2 SOIL-CEMENT SYSTEMS 

4.2*1 With Black-Cotton Soil from Banda 

The variation in the soaked unconfined compressive 
strength for compacted specimens of the Banda soil on 
ageing to different periods of time are indicated in 
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Figure 4*1 a. The soil has a compressive strength 0.60 Kg/ 

2 

cm under dry conditions. With cement in the soil, an 

Increase in strength has been observed on ageing. At the 

end of 24 hours, the soil specimens with 5 percenb of cement 

2 

registered compressive strength around b.O Kg/ cm • 

2 

Strength gain has been observed to be up to 13 Kg/cm at the 
end of 14 days and beyond this period, the rate of increase 
has decreased resulting in the samples atta.\ning a final 
value of 15 Kg/ cm on ageing to 28 days. 

4.2.2 With Black Cotton Soil from Jhansi 

The trend for increase in the strength in this case 
on ageing is similar to that in the soil-cement samples 
using Banda soil (Figure 4.1b)* In this case also, bha rab3 
of increase has shown a decreasing trend beyond 14 days of 
ageing. At the end of 28 days of ageing, the strength valu.j 
has been observed to be around 9 Kg/cm . 


4.3 SOIL-CEMENT-RICE-HUSK ASH SYSTEM 

4.3.1 Black Cotton Soil from Banda 

Strength variation values for soil-cement- rice- 
husk ash combination for Banda soil are indicated in Figuj e 
4.2a. A distinct and rapid strength development on ageing 
could be evidsnced from samples with 5 percent cement and 



soaked U.C.S.(K9/c^ti ) 



F16.4-1: S^TRENSrH VARIATIONS FOR SOIL WITH 5%CE MEN 




Soaked u.c.s.CKg/cm^} 


SOIL- SAMPLES WITH 5% CEMENT AND 
157 , RICE -HUSK ASH 

k BANDA SOIL 

• JHANSI SOIL 



4. 8 12 16 

ASEINS period (DAYS) 

F)G.4-2; Strength variatjons for Soil with 
AND Rice-husk ASH 


Cement 
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15 percent rice-husk ash in comparison to the samples with 
5 percent cement only* Cement and rice-husk ash in 1 s3 

2 

proportion have exhibit strength values around 6.6 Kg/cm 

after 24 hours* Between 24 hours and 14 days, there is 

2 

rapid increase in compressive strength fro:n 6*6 Kg/cm to 

13.8 Kg/cm^. After that upto 28 days of ageing, strength 

increase has registered a decreasing trend with the final 

2 

value reaching around 19.2 Kg/cm • 

4.3.2 Black Cotton Soil from Jhansi 

Samples with cement and rice— husk ash combination 
have exhibited uniform strength gain between 24 hours and 
14 days (Figure 4.2b). The compressive strength value at 
24 hours is 4.8 Kg/cm^. The rate of increase in strength 
in the samples on ageing is relatively at a slower pace 
compared to the corresponding samples using Banda soil. It 
may be indicated here that presence of rice-husk ash in the 
soil-cement system has re sul ted in considerable increase of 
strength upto 4.8 Kg/cm^ at the end of 24 hours of ageing 

compared to the soil-cement sample, aged to same period, 

2 

which has attained only strength values around 2 Kg/cm • 

However after 24 hours the strength development in soil- 

cement— rice— husk ash samples has been distinctly slowed 

2 

down with the samples attaining values around 11 Kg/cm 


on ageing to 28 days. 



Soaked u.c.s.ck^W; 


Soil- Samples uiith cement ^ 

15 7 « Rice - HUSK ash and 27, cemos 



ageing PERIOD (DAYS) 

F/6.4'3t strength variations for soil With Cement 

RIC£-f^(j£/^ CEMOS 
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4.4 SOIL-CEMENT -RICE-HUSK ASH-CEMOS Si'STEM 

Presence of cemos in the soil-cement-rice-husk ash 
samples has affected the strength ageing to a considerable 
extent as evident from Figure -1.3. The strength gain has 
been observed to be at an uniform pace in the case of soil- 
cement-rice-husk ash system with Banda soil as compared to 
the corresponding san''plG with Jhansi soil where the rate of 
strength increment has been slowed do'w to some extent 
beyond 14 days of agoing. While in the case of Banda soil, 
the strength has increased from 8.5 Kg/cm (at the end of 
24 hours) to 23.2 Kg/cm (at the end of 28 days), the 

increase has been from 5.5 Kg/cm to 13.8 Kg/cm for the 
corresponding period in the case of Jhansi soil. Thus the 
effect of comes is more pronounced in the soil-cement-rice- 
husk ash system with Banda soil. 


[ 
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CHAPTER 5 

X>.RAY DIFFRACTION STUDIES 


5 . 1 GENERAL 

X-ray diffraction investigations form an important 
part of the study as they enable complete mineralogical 
characterization within the soil-additive system- V/hereas a 
conventional chemical analysis would indicate an overall 
chemical composition in terms of constituents such as SiO^ 
and Al^Og, the chemical data will not be indicative of the 
various individual mineralogical constituents present within 
the system at any particular time of ageing. 

In the present study, samples of different soil- 
additive proportions (soil-cement, soil-cement-rice-husk ash 
and soil-cement- rice-husk ash-cemos) aged to differing 
periods of time have been systematically analyzed for black 
cotton soils from Banda and Jhansi using X— ray diffraction 
technique. In each case, the mineral constituents present 
within the system have been characterized to enable an under- 
standing of the strength variations in the system on ageing. 

5.2 CHANGES IN SOIL-CEMENT SYSTEM 

5.2.1 Black-Cotton Soil from Banda 

The X-ray diffraction patterns for samples treated 
with 5 percent cement are indicated in Figure 5.1. On 
ageing to 7 days, several changes can be noticed (Figure 5.1b). 
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The formation of calcium hydroxide is distinctly seen from 
the appearance of its intense reflections around 4.90 A, 

2*63 A, 1 .93 A and 1 ,79 A. They start diminishing and 
totally disappear on ageing to 28 days (Figure 5.1c). This 
is indicative of the consumption of calcium hydroxide in 
reactions during ageing period. Reduction in the intensities 
of reflections for illite and montmorilloni be has been 
clearly noticed in the X-ray traces. On ageing, the peaks 
for these minerals also appear relatively broader in addition 
to their reduced intensities. Thus it is evident that the 
clay minerals also participate in the reactions. An indica- 
tion of the formation of new cementitious products in minor 

quantities is seen even at the end of 7 days of ageing from 

0 0 0 

the appearance of small peaks around 5.61 A, 4,69 A, 3.88 A, 

0 0 0 

2.77 A, 2.56 A and 2,21 A. These reflections correspond to 
ettringite (calcium aluminate trisulphate hydrate). Reflec- 
tions of monocalcium aluminate 10 hydrate can also be seen 
0 0 0 

around 7.16 A, 3.56 A and 2.55 A. In addition, the formation 

of a-dicalcium silicate hydrate has also boon evidenced from 

0 0 0 

the appearance of peaks around 4,22 A, 3^27 2,80 A and 

0 

2,41 A at the end of 7 days. 

On ageing to 28 days, several distinct changes have 
been observed in the system (Figure 5.1c). Ettringite 
which was present earlier appears to have been modified into 
a stable phase as evidenced from the absence of its charac- 
teristic peaks. In addition to the monocalcium aluminate 
10 hydrate identified earlier, several peaks for the other 
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calcium aluminate hydrates are also present at the end of 
28 days. The peaks at 10,7 A, 5.36 A and 2.87 A indicate 
the presence of ct-dicalcium aluminate 8 hydrate while those 
at 4.45 A, 3.36 A, 2*81 A and 2.0'^ A reveal the development 
of tricalcium aluminate hexahydrate. The presence of tetra 
calcium aluminate 19 hydrate could also be noticed on X-ray 
trace with the peaks around 10.6 A, 3.92 A, 2*88 A and 

o 

2*73 A. Formation of calcium silicate hydrate phases is 

0 c 

also clearly noticed. The peaks around 11.0 A, 2.97 A, 

0 o 

2.80 A and 2.28 A are characteristic of tobermorite while 
minor humps at 12.5 A, 9.80 A, 3.07 A, 2.80 A and 1.83 X 
reflect the formation of C-S-H I and C-S-H II. The peaks 
for quartz however have not exhibited any noticeable changes 
in their respective intensities, 

5.2,2 Black Cotton Soil from Jhansi 

In addition to montmoril Ionite and illite, kaolinite 
is also present in this soil. It may be noted that the clay 
fraction of bhe soil from Banda did not have this mineral. 

In addition, the soil is calcareous as confirmed from the 
presence of the characteristic peaks for calcium carbonate 

O 0 O 

at 3,04 A, A and A and aJ so from the effervescence 

observed on acid treatment. 

On ageing to 7 days, the X-ray diffraction data for 
soil-cement samples have exhibited similar changes as in 
the case of Banda soil. However the amount of calcium 
hydroxide appears to be more in the present case, 
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signifying its consumption at a relatively lower rate as 
compared to the soiJ -cement samples with Banda soil. Appear- 
ance of ettringite^ monocalcium aluminate 10 hydrate and 
o-dicalcium silicate hydrate observed in the case of Banda 
soil with cement, is also seen in the present case. In 
addition, presence of peaks at 3.92 A, 2.88 A and 2.78 A 
reflect the development of tetracalcium aluminate 19 hydrate 
(Figure 5.2b). 

The X-ray diffraction trace for soil-cement sample 

aged to 28 days is presented in Figure 5.2co Ettringite, 

present in samples aged to 7 days, is not evidenced in the 

present case as has been the case with Banda soil with 

cement aged to 28 days, -v/lonocalcium aluminate 10 hydrate is 

0 0 

confirmed by the presence of peaks around 7.1o A, 3«56 A, 

3.26 A and 2.55 A. The reflections around 10.6 A, 3.92 A, 
2.88 A and 2.78 A clearly indicate the presence of tetra- 
calcium aluminate 19 hydrate. In addition, the presence of 
ct-dlcalcium aluminate 8 hydrate is evidenced from the occu- 
rrence of peaks around 10.7 X, 5.36 X and 2.87 A. Calcium 
silicate hydrates are also confirmed from the development of 

0 c o 

the characteristic reflections around 12.5 A, 3.07 A, 2.80 A 
and 1.83 A for C-S-H I and 9.80 A, 3.07 A, 2-80 A and 1,83 A 
for C-S-H II. It may be noticed that several of the peaks 
for bobh these compounds overlap each other and only the 
initial strong peak in each case occur separately. 
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5.3 CHANGES IN SOIL-CEMENT-RICE-HUSK ASH SYSTEM 

Rice-husk ash has silica (quartz as the dominant 
phase with minor amount of tridynite) in its composition. 

The silica of rice-husk ash is also available for reactions 
with calcium hydroxide released on thie hydration of cement 
just as in the soil-cement systems, development of new 
cementitious compounds is also expected in the case of soil- 
cement-rice-husk ash systems, on ageing to different per- 
iods of time. 

V 

5.3.1 Black Cotton Soil from Sanda 

The X-ray diffraction patterns of the Banda soil 
with 5 percent cement and 15 percent rice— husk ash and aged 
to 7, 14 and 28 days are prestjnted in Figure 5.3. Initially 
the calcium hydroxide reflections are more pronounced at the 
end of 7 days. Broadening of illite and montmorillonite 
peaks on ageing and a reduction in their respective intensi- 
ties are also noticed in the X-ray patterns. On ageing to 

coo 

7 days, ettringite (with oeaks at 5.16 A, 3.80 A, 2.77 A 
and 2.56 A) and monocalcium aluminate 10 hydrate ('dth peaks 
at 3.56 A and 2.55 A) appear to have formed in small quan- 
tities as evident from the reduced intensities of the peaks 
compared to the corresponding peaks in the X-ray trace for 
soil-cernent system. The peaks around 4«22 X, 3.92 A, 

3.54 A, 2.87 A and 2.80 A indicate the formation of fit-dical- 
cium silicate hydrate. In addition, p— dicalcium silicate 
appears to have developed even at the end of 7 days with 
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its reflections around 2.79 X, 2.78 A, 2.75 A and 2.60 A. 

In the samples aged to 7 days, presence of two more silicate 
hydrate phases is also clearly seen in Figure 5.3b. Xono- 
tlite (with peaks at 3.65 A, 3.23 A, 3.07 A and 2.04 X) and 
tobermorite (with peaks at 11.0 A, 2.97 A and 2.80 A) are 

also there in the X-ray trace. It may be recalled that these 

were not evidenced in the soil— cement samples. 

On ageing to 14 days, a distinct reduction of the 
peaks for ettringite and rnonocalcium alumina te 10 hydrate is 
noticed (Figure 5.3c), Increase in the amount of xonotlite 
and P-dicalcium silicate have been evidenced frora appearance 
of several peaks for each of these minerals as indicated 
belows 

Tobermorite - 11.0 A, 2.97 A, 2.80 A and 2.28 A 

Xonotlite - 3.65 A, 3.23 A, 3.07 A, 2.04 A and 

1.95 A 

P-dica]cium silicate- 2.79 A, 2.78 A, 2.75 A, 2.61 A and 

2.19 A. 

Appearance of C-S-H I for the first time at the end 
of 14 days of ageing is clearly seen from the development of 
peaks around 12.5 A, 3.07 A and 2.80 A. 

Several distinct changes Vi/ore observed in the 
samples aged to 28 days. The X-ray trace (Figure 5.3d) has 
revealed the absence of peaks for ettringite and monocalcium 
a laminate 10 hydrate. Xonotlite', tobermorite and p-di calcium 
silicate are present in increased amount. Xn addition to 
all these products, dicalcium aluminate silicate 8 hydrate 
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appears to have also been formed as evidenced from presence 
of its characteristic peaks at 12.58 A, 4.18 A, 2.87 A and 
2.49 L 

5.3.2 Black Cotton Soil from Jhansi 

In the samples of Jhansi soil treated WLtii 5 percent 
cement and 15 percent rice-husk ash, even at the end of 7 
days of ageing very little calcium hydroxide was present in 
the system as evidenced from the X-ray trace (Figure 5 -4b). 
Also the peaks of iJlite, montmoril Ionite and kaolinite exhi- 
bit broadening. Reduction in intensities of these peaks is 
also clearly noticeable. Reduction in amounts of ettrlngite 
and monocalcium aluminate 10 hydrate has also been observed. 
Development of tetra calcium aluminate 19 hydrate at tho end 
of 7 days of ageing is also seen from presence of peaks at 
10.6 A, 3-92 I and 2.88 A. Some silicates have also formed 
with certain period of ageing. The a—dicalcium silicate 
hydrate, observed in the case of Banda soil treated with soil 
and cement aged to 7 days, has been found to be absent in the 
case of Jhansi soil treated with same additives. Tobermorite , 
xonotlite and p-dicalcium silicate hydrate are the silicate 
hydrates present in this case also. 

The X-ray diffraction traces (Figure 5.4c) for 
samples aged to days have revealed the reduction of 
intensities for peaks of ettringite and monocalcium aluminate 
10 hydrate. Tobermorite, xonotlite and p-dicalcium silicate 
hydrate have increased in their quantity. The peaks at 




FIG. 5.4; X-RAY DIFFRACnON PATTERNS of JhANSI 50iL SAMPLE S TREATED Wn>/ 
20% OF ADDITIVf S (t;3 OF CEMENT AND Rice-husk ASH} AGED TO (9.) 24 hd 
(i’) 7 DAY5 (C) I 4 DAYS ANIY (,d) 27 DAYS 
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0 c o 

746 A, A and . A indicate possible presence of tetra- 

ca] cium carbonate 12 hydrate. This product, not present in 
the samples with Banda soil, is perhaps due to the presence 
of calcite in the soil. 

The changes observed in the samples aged to 28 days 
are similar to those in the corresponding samfoles with Banda 
soil. The peaks for ettringite and rrionocalcium aluminate 10 
hydrate are absent (Figure 5#4d). Increase on amounts of 
tobermorite, xonotlite, p~dicalcium silicate, C— S~H I and 
C-S'-H II has been evrdenced from the improvement of the peaks. 
However the tetracalcium aluminate carbonate 12 hydrate 
observed in 14 days of ageing is not evidenced in present 
case (on 28 days of agoing) as confirmed from the absence of 

its characteristic peaks. 

In general, the development of cementitious comp- 
ounds during ageing in the soi] from Jhansi on treatment 
with cement and rice~husk ash appears to be at a slower rate 
compared to tho soil from Banda on similar treatment. 

EFFECT OF CEMOS 

For each of the two soils fr'^m Banda and Jhansi, 
specimens of soil-cernent-rice-husk ash mixes have been prepared 
using 2 percent of cemos (stabilizer). The cement and rice- 
husk ash proportions have been maintained at 5 and 15 per- 
cent (by weight) respectively. Specimens have been prepared 
adopting same procedures as outlined earlier. Specimens 
aged to 7, 14 ^nd 28 days and tested for strength have been 
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characterized by X-ray diffraction analysis. In each case, 
a set of three specimens have been tested for strength deter- 
mination. 

5.4.1 With Banda Soil 

The X-ray diffraction trace for the sample with 
cement, rice-husk ash and cemos aged to 7 days is indicated 
in Figure 5.5b. This has clearly shovm the presence of 

0 

calcium hydroxide with its characteristic peaks around 4.90 A, 

one 

2.63 A, 1.93 A and 1,79 A, Ettringite and monocalcium alum- 

inate 10 hydrate are also evidenced from the X-ray trace 

vyn th their characteristic peaks. The peaks around 4,22 A, 

3.90 A, 3.54 A, 2,87 A and 2.80 A indicate the formation of 

cudicalcium silicate hydrate. In addition, two other calcium 

silicate hydrates have also foimed after 7 days. They are 

xonotlite (with peaks at 3.65 A, 3.23 A, 3.07 A and 2.04 \) 

c r p 

and tobermorite (with peaks at 11.0 A, 2*97 A and 2.80 A), 

The specimens after 14 days of ageing exhibited 
reduction in intensities of ettringite and monocalcium alu- 
mina te 1 0 h ydr a te . In addi ti on to xono tli te and tooe nnori te 
increasing in amount as indicated clearly frora the increase 
in the intensity of their respective peaks in X-ray trace 
(Figure 5.5c), [i-dicalcium silicate has also registered an 
increase on 14 days of ageing. Absence of calcium hydroxide 
is also guite distinct. Comparing with X— ray trace of 
corresponding specimens without cemos (Figure 5.3c), it is 
observed that the products developed are similar in both 
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cases i.e« in samples with and without cemos but the quantity 
of the products is slightly more in the case v/ith cemos comp- 
ared to specimens v/ithout this stabilizer. 

On 28 days of ageing, ettringite and monocalcium 
aluminate 10 hydrate are not seen in the sample as confirmed 
from the absence of the cliaracteristic peaks. Increase in 
the quantities of xonotlite (with peaks at 3.65 A, 3.23 
3.07 A, 2.04 A and 1.95 A), tobermorite (peaks at 11.0 A, 

2.97 A, 2.80 A, 2.28 A and 1.83 A) and P-dicalcium silicate 
(peaks at 2.74 A, 2.51 A and 2.18 A) is very well evidenced 
from the X-ray trace (Figure 5.5d)» Gyrolite, a new product 
appears to have formed in the sample aged to 28 days with 

0 O j A 

its characte cistic peaks around 11.0 A, 4*20 A and 3.12 A. 


5.4.2 ’'Vith Jhansi Soil 

In the samples of Jhansi soil treated with 5 percent 
cement, 15 percent rice— husk ash and 2 percent cemos, at the 
end of 7 days of ageing considerable amount of calcium hydro- 
xide was present in the system as evidenced from tho X-ray 
trace (Figure 5.6b). Broadening of peaks of illite, 
montmorillonite and kaolinite indicate their participation 
in the reactions to form various new products. Httringito 
and monocalcium aluminate 10 hydrate have also oeen observed 
with their characteristic peaks. Tetracalcium aluminate 
19 hydrate has also developed at the end of 7 days of 
ageing with its peaks at 10.6 A, 3.92 A and 2.88 A. Silicate 
hydrates are also evidenced from the X-ray trace. The 
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presence of a-dicalcium silicate hydrate is not there in 
case of Jhansi soil whereas it was present in Banda soil. 
Tobermori te ^ xonotlite and p—dicalciuin silicate hydrate are 
the silicate hydrates present in this case also. But as 
compared to Jhansi soil without cemos, the intensities of 
peaks of these silicates are more distinct and clear in the 
case of Jhansi soil with cemos. 

The X-ray diffraction trace (Figure 5.6c) for sample 

aged to 14 days hap revealed the reduction of intensities 

for peaks of ettringite and monocalcium alumlnate 10 hydrate. 

Development of tobermorite (with peaks at 11.0 A, 2.97 A, 

2.80 A and 2.28 A), xonotlite (peaks at 3.65 A, 3.23 X, 

3.07 A and 2.04 A) and p-dicalcium silicate (peaks at 2.79 A, 
0 0 0 

2.78 A, 2-75 A and 2.61 A) are evidenced. The peaks at 

0 O 0 

7*6 A, 3.80 A and 2.86 A indicate the presence of tetra- 
calcium aluminate carbonate 12 hydrate. This product, not 
present in case of samples with Banda soil, is perhaps due 
to the presence of calcite in Jhansi soil. 

The changes ooserved in the samples aged to 28 days 
are similar to those in the corresponding samples with 
Banda soil. The peaks of ettringite and monocalcium alu- 
minate 10 hydrate disappear in the X-ray trace (Figure 5.6d). 
Tobermorite, xonotlite, (3-dicalcium silicate, C-S-H I and 
C-S-H II with their increased intensities of peaks are 
evidenced on X-ray trace. Tetracalcium carbonate 12 hydrate 
is also evidenced to be present in the samples with cemos 
and it may be indicated here that this product was not 



50 


ore sent in the sample without cemos aged to 28 days. 

In general^ it can be inferred that the presence of 
cemos in the samples has enhanced the development of cemen- 
titious compounds at a relatively rapid rate in the case of 
Banda soil stabilized with cement and rice-huslc ash compared 
to the corresponding samples using Jhansi soil* 


CHAPTER 6 


ELECTRON A/IICROSCOPIC STUDY 


6*1 GENERAL 

In the previous chapters, the data obtained from 
strength determinations and from X-ray diffraction analyses 
represent the changes at macroscopic and lattice levels 
respectively. The gap between these two stages can be effec- 
tively bridged through microscopic examination of the soil- 
additive system during ageing. Electron microscopy offers an 
excellent scope for the same. 

As already mentioned the stabilization process involves 
reaction between the different constituents in a soil-additive 
system and the consequent formation of cementitious compounds 
during the period of ageing. The manner of reaction and the 
growth pattern sequence of the products in the system cannot 
be inferred from the X-ray diffraction data. The X-ray patt- 
erns provide information on the mineralogy of tne products and 
the state of crystallising in addition to the quantity of 
material in each case. If the products are in minor quanti- 
ties or in a poor state of crystal linity^ diixicuities in 
identification are encountered in the X-ray investigations. 
Electron microscopy provides additional information on each 
one of these aspects* In the present study, scanning electron 

microjscopy has been adopted. 

Electron microscopy has been increasingly used as a 
tool during the last two decades in soil investigations 
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(Croft 1964; Puseh 1966; Smart 1969; Barden and Sides 1971; 
Mckyes and Young 1971). Scanning electron microscopy enables 
the examination of intergranular pore space ir'i addition to the 
grain morphology. It also enables one to understand the mode 
of formation of new cementitious products and the fabric 
interrelations between the parent and the product materials. 

In the present chapter, details are presented regarding the 
morphology of cementitious products and their manner of growth 
on ageing during stabilization in soil-additive systems. 

6*2 SOIL-CEMENT SYSTEM 

In the Banda soil, the clay particles are stacked in 
clusters and are sjen as domains in the electron micrograph 
(Figure 6*1). The plates are slightly warped due to the 
expansive nature of the clay. On addition of 5 percent of 
cement, flocculation ensues. Even on ageing to 7 days, forma- 
tion of new products is clearly seen (Figure 6,2). Development 
of product with needle-like structure is clearly noticeable in 
the central region of the micrograph. It may be recalled that 
the X-ray diffraction data have revealed the formation of 
ettringite on these samples. On further ageing, at the end 
of 28 days distinct changes in the system have been observed 
(Figure 6*3). The floe size has been considerably reduced 
and extensive development of the cementitious material is 
seen in the pore spaces. The morphology of the products 
appears to be different from that of ettringite in that the 
particles occur as hexagonal flakes at some places or as 
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elongated laths on other places. X-ray diffraction investi- 
gations have revealed the presence of a-dicalcium aJuminate 
8 hydrate and tricalcium aluminate hexahydrate at this stage. 

In the SOI]— cement samples with Jhansi soi] ^ several 
distinct changes are noticeable. In addition to formation of 
ettringite, particles with partly developed hexagonal morpho- 
logy are noticed (Figure 6.5) at the end of 7 days. The 
crystallinity of these particles improves on ageing of the 
sample to 26 days. Electron micrograph of this sample after 
28 days of ageing (Figure 6.6) has revealed the presence of 
hexagonal particles (indicated by arrows in the micrograph). 
These particles appear to be of tetracalcium aluminate 19 
hydrate. In addition to this product, development of tubular 
particles is also noticed. Directional growth of this product 
has imparted a platy structure as seen on the top right 
hand corner of the micrograph. 

6.3 SOIL-CEMENT-RICE-HUSK ASH SYSTEM 

Flocculation is evident in sample with Banda soil, 
cement and rice-huslc ash at the end of 7 days. Distinct 
warping of the soil clay plates is a3.so seen very clearly in 
Figure 6*7. On ageing to 14 days, the clay domains have a 
split appearance and the formation of cementitious material 
with fibrous structure is noticeable on the host particle 
surface and in the intergranular surface (indicated by 
arrows in Figure 6.8)* X-ray diffraction investigations 
have revealed the formation of xonotlite* On ageing to 
28 days drastic alterations within the system have been 
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observed. Extensive growth of tubular material ( tobermorite ) 
has taken place (Figure 6.9), The fibrous material, xonotll te, 
has also increased in its amount within the intergranular pore 
space , 

!''i?ith Jhansi soil, the soil-cement- rice-husk ash 
samples have revealed i:he development of particJes with pris- 
matic morphology (shown by arrows in Figure 10) and these 
particles appear to be a-dicalcium silicate hydrate. Develop- 
ment of ettringdto has been clearly noticed and in addition 
restricted occurrence of tobermorite with tubular morphology 
has also been observed. On ageing to 14 days, tobermorite 
increases in its amount (Figure 6.11). At the end of 28 days, 
in addition to tobermorite, considerable growth of xonotlite 
is also seen as evidenced from the fibrous growth between the 
particles (Figure 6.1 2). The particle with distinct rhombo— 
hedral morpho] ogy seen in the lower right hand corner of the 
micrograph appears to be calcite as carbonate has also been 
confirmed to be present in the X— ray difrraction patterns of 
the soil. 

6.4 EFFECT OF CEMOS 

Presence of cemos appears to have promoted the forma- 
tion of the cementitious compounds in case of Banda soil with 
cement and rice--husk ash In the system. The tubular material 
corresponding to tobermorite and considerable group of 
fibrous material (xonotlite) are distinctly noticeable even 
at the end of 7 days of ageing (Figure 6.13). The mode of 



55 


development of tubular material on the particle surface is 
distinctly evidenced at the end of 14 days in the micrograph 
(Figure 6.14). Development of the tubes and the formation of 
pores due to reaction are very well seen in the figure. ^t 
the end of 28 days, the system has a network of cementitious 
products imparting a sort of honeycomb structure (Figure 
6.15). On further magnification, presence of spherical part- 
icles within the cavities (indicated by arrow in Figure 6,16) 
has been observed. However, presence of cemos does not 
appear to have accelerated the alteration and formation of 
new cementitious products in the case of Jhansi soil with 
cement and rice-husk ash as compared to similar system with 
Banda soil (Figures 6.17 and 6.18 )♦ A network structure is 
evidenced (Figure 6.19) in the case of Jhansi soil with 
cement, rice-husk ash and cemos on ageing to 28 days. 




Fig. 6.1. Clusters and domains of clay particles in Banda Soil 
(SEM, X1500). 












Fig. 6.2. Development of reaction product with needle-like 

structure In Banda soil with 5?^ cement aged to 7 days 
(SEM, X3000). 
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Fig. 6.3. Reduced floes in Banda soil with 55^ cement aged to 
28 days (SEM, X1500). 



Fig* 6*4. 


Clay particles in Jhansi soil (SEM> X2000). 



Fig. 6.5. 


Particles with hexagonal morphology in Jhansi soil 
with 5^ cement aged to 7 days (SEM, X1500). 



Fig. 6.6. Directional growth of hexagonal particles in Jhansi 
soil with 59^ cement aged to 28 days (SEM, X1500). 
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Fig, 6,7. Warping of clay particles in Banda soil with ^ 0 % 
cement and 159^ rice-»huslc ash aged to 7 days 
(SEM, X3000). 


I 



Fig, 6,8* Clay domains in Banda soil with 5% cement and 

rice-husk ash aged to 14 days, with the formation 
of fibrous product (SEM, X1500), 



Fig, 6.10. Growth of cementitious products in Jhansi soil with. 

5^ cement and 16% rice-husk ash aged to 7 days 
(SEM, X1000). 
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5,11. Tubular grov/th in Jhansi soil \/ith b/j comont 

Ib?'^ ri co-husk ash acjod to 14 days (SE?.', X1 000). 



Fig. 6.12. Reaction products with tubular and fibrous morphology 
in Jhansi soli with 5/o cement and 159^ rice— husk ash 
aged to 28 days (SEM, X2000). 



Fag, 6,13. Growth of tobermorite with tubular morphology in 

Banda soil with b% cement, 15/^ rice-husk ash and 2/^ 
cemos aged to 7 days (SEM, XI 500) 



Fig, 6,1 4- Reaction pattern in case of Banda soil with 15^ 

rice-husk ash, cement and 2% cemos aged to 14 days 
(SEM, X2500). 


Fig. 6.15, Honeycomb sbructure in Banda soil with 5% cement, 
15 % rice-husk ash and 2 /q cemos aged to 28 days 
(SEM, X1500). 



Fig. 6.16. Enlarged version of the previous figure indicating 
presence of spherical particle in the cavity 
(SEM, X4500). 


Fig. 6*18* Formation of products with tubular morphology in 
Jhansi soil with cement, 15^ rice-husk ash and 
0 % cemos aged to 14 days (SEM, XI 500)* 
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Fig* 6.19. Skeletal structure formed in Jhansi soil with 
cement, rice-husk ash and 2 % cemos aged to 
28 days (SEM, XI 500), 
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CHAPTER 7 
INTEGRATED PICTURE 


The soils used in the present study are from Banda 
and Jhansi in U,P» Both of them are of low strength and 
expansive in character. Montmorillonite is the dominant clay 
constituent occurring along with illite. In addition, kao- 
Unite in minor quantity is present in the soil from Jhansi. 

In the dry state, these two soils have very low unconfined 
compressive strength values (around 0.725 Kg/cm for Jhansi 
soil and 0,600 Kg/cm^ for Banda soil). Addition of cement 
and rice-husk ash during stabilization results in several 
changes — both of short term and long term in nature within 
the soil-additive system. 

Portland-Pozzolana cement is composed of tricalcium 
silicate, dicalcium silicate, tricalcium aluminate and tetra- 
calcium aluminoferrite with small amount of gypsum (as evid- 
enced from X-ray diffraction pattern). Hydrated silicates 
and hydrated aluminate s of different kinds form as reaction 
products in cement hydration# Lime released on hydration of 
cement during stabilization process enhances the pH of the 
soil-additive system and also induces flocculation of the clay 
constituents. This has been confirmed from the scanning elec- 
tron micrographs. 

The soil-cement, soil-cement- rice-husk ash and 
soil-cement-rice-husk ash-cemos systems are thus alkaline and 
contain free calcium hydroxide# The increase in pH of the 
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systems facilitates greater solubility of silica and alumina. 
Under the alkaline conditions, the silica of the soil clay and 
the silica of rice-husk ash have greater solubility. 

The soil-cement, soil-cement-rice-husk ash and soil- 
cement- rice-husk ash-cemos stabilization processes Involve the 
cement-soil clay interactions. Hydrated cement-soil mixtures 
differ from the concrete in that the aggregate in the latter 
case is largely inert and the strength of the concrete is solely 
due to the hydration products of the cement and their bonding 
properties with the aggregates. The pH in the hydrated cement 
thus remains at a constant level thoughout the curing* The 
situation is different in the case of soil— cement stabilization. 
The soil-clay-cement interactions are largely governed by the 
pH of the system. The react: ons are thus pH dependent. As the 
cementitious products form in the clay-cement interactions, 
the pH of the system continues to decline. This is the case in 
both the soils taken up for stabilization in the present study. 

The X-ray diffraction patterns of both the systems 
indicated broadening of the clay mineral peaks and a decrease 
in their respective intensities on ageing reflecting their 
participation in the reactions. The X-ray diffraction patterns 
also revealed the formation of cementitious compounds during 
ageing. Different calcium alumlnate hydrate and calcium sili- 
cate hydrate phases are formed in addition to tobermorite 
depending on the type of soil constituents and the additives. 
The quantities of the respective compounds are observed to 
increase with time of ageing. In the initial stages of reac- 
tion, peaks for compounds are very broad indicating their 'gel’ 
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like nature and their crystallinity improves with time. Thus 
in the present study, it has been established that the cemen- 
titious products are contributed both by hydrated cement as 
also by cement-clay and cemen b— rice-husk ash interactions. 

Among the reaction products in the soil-cement system, 
ettringite and monocalcium aluminate 1 0 hydrate are observed 
as the dominant ones in both the soils. However, as the reac- 
tions proceed on ageing, ettringite disappears due to its 
metastable nature. Such observations has also been reported 
by Grudorao (1964). On ageing to 28 days, formation of a- 
dicalcium aluminate 8 hydrate, tetracalcium aluminate 19 hydr- 
ate, C-S-H I and C-S-H II has been evidenced in soil-cement 
system in case of both the soils. Soil-cement combination has 
revealed an increase in strength with ageing up to 28 days- 
The rate of strength gain in both the soils is correlated with 
the rate of formation of the cementitious products. The soil 

2 

from Banda registers maximum strength value of around 15 ICg/cm 

with 5 percent cement on ageing to 28 days while the same is 

2 

only around 9 Kg/ cm in the case of Jhansi soil. The relati- 
vely rapid increase in strength in the first 14 days can be 
attributed to the flocculation and rate of reaction. The 
reaction rate appears to be slower after 14 days* 

Addition of rice-husk ash to the soil-cement system 
brings about marked changes* Presence of reactive silica and 
alumina in the ash facilitates greater solubility* A faster 
pace of reaction could be confirmed from the rapid consump- 
tion of calcium hydroxide as also the drastic alteration of 
clay minerals as evidenced in the X-ray diffraction traces- 
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The quantity of the cementitious products is also more in each 
of the cases with cement and rice-husk ash together as addi- 
tive St While C— S-H I and tobermorite have appeared at a la ter 
stage in the case of soil-cement systems, tobermorite develops 
much earlier (within the first 7 days) in the case of soil- 
cernent- rice-husk ash system. Formation of xonotlite is a 
distinct feature in presence of rice-husk ash within the system. 
Increase of strength has also been evidenced with cement and 
ricG-husk ash as additives during stabilization. On ageing 
to 20 days, soils from Banda and Jhansi have exhibited strength 
values of 19.2 and 11 Kg/cm ' respectively with these additives. 

Distinct changes have been observed when cemos is 
used as a stabilizer in the soil-cement-rice-husk ash system 
for both the soils. Acceleration of reactions has been 
evidenced from the drastic changes in the intensities of reflec- 
tions in X-ray pattern of the starting materials signifying 
the increased consumption of the materials. Increase in amount 
of the reaction products was also evidenced, Tobermorite has 
developed even at the end of 7 days. In addition to bermorite, 
xonotlite and p-dicalcium silicate, gyrolite is a new compound 
formed after 28 days of ageing in case of Banda soil. This 
soil has gained the strength value around 23.2 Kg/cm with 

cement, rice-husk ash and cemos after 28 days of ageing whereas 

2 

Jhansi soil could reach upto 13.2 Kg/cm after the same period, 
clearly indicating the pronounced effect of cemos in case of 
Banda soil with cement and rico-husk ash as additives. 

Scanning electron microscopy has enabled an under- 
standing of the changes in the soil-additive system during 
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stabilization* Distinct changes in the fabric with increasing 
reaction could be seen* On ageing to 28 days, the fabric 
attains a honeycomb type in the case of soil with cement and 
rice-husk ash and cemos as additives. Development of reaction 
products has also been clearly evidenced from the distinct 
morphological characteristics of the reaction products. 
Ettringite appears with needle-like structure while tubular 
morphology is typical of tobermotite. Distinct hexagonal 
flakes of tetracalcium alumlnate 19 hydrate and the fibrous 
structure of xonotlite are clearly seen in the scanning micro- 
graphs. The growth pattern of the reaction products has also 
been clearly observed* The product develops on the surface 
of the particles as well as in the intergranular pore space* 
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